In perovskite solar cell, the interfaces are a weak link with respect to degradation. Electrochemical reactivity of the perovskite's halides has been reported for both molecular and polymeric hole selective layers (HSLs), and here we show that also NiO brings about this decomposition mechanism.
Introduction
Halide perovskite solar cells (PSCs) revolutionised photovoltaics in the last decade, primarily due to an outstanding power conversion efficiency (PCE), with the certified record at 24.2% [1] .
Unfortunately, this high PCE remains ephemeral given the severe instability suffered by PSCs. PSC lifetimes in literature are still far from the goal of 25 years needed for commercialization [2, 3] . Thus, if metal halide perovskite (PSK) solar cells are to take part in supplying the world's energy demand, device stability must be significantly improved.
Several kinds of stimuli have been found to degrade PSCs. When exposed to moist atmosphere, CH3NH3PbI3 (MAPI) undergoes an irreversible degradation via the formation of hydrated phases. [4, 5] Even the all-inorganic perovskite CsPbBr3 undergoes intricate structural modifications when exposed to relative humidity (RH) above 60%, highlighting the sensitivity of lead halide perovskites to moisture also in the absence of organic cations [6] . Perovskites are also sensitive to atmospheric oxygen, which can rapidly diffuse inside the perovskite film through grain boundaries and inside the lattice via iodine vacancies [7] . Under illumination, the superoxide anion (O2 -) forms, which is highly reactive and triggers lattice decomposition [8, 9] .
Nevertheless, proper encapsulation procedures [10, 11] can mitigate or, in the best scenario, eliminate the influence of moisture or oxygen on device stability. In addition to that, metal halide perovskites are also sensitive to heat, illumination and electrical bias, three certain conditions in photovoltaic operation. A detailed understanding of thermal and photoelectrical failure mechanisms is one of the most critical topics that must be addressed. [3] Thermal instability is mainly associated with methylammonium decomposition to volatile methylamine [12] . Moreover, ionic diffusion from electrodes is enhanced at high temperatures and causes irreversible degradation [13] [14] [15] . As far as photo-instability is concerned, the photo-induced segregation of halides in multi-halide perovskites represents an important microscopic factor at the basis of the lack of photostability in these systems [16, 17] . Furthermore, UV light accelerates perovskite degradation, for instance, by promoting the reaction of perovskites with TiO2 [18] , and photo-oxidation of iodide to interstitial iodine [19] . semiconductors generally interact with perovskites, and the interface of perovskite with a p-type semiconductor can be the site of unwanted redox reactions.
In this work, we focused our attention on the NiO / perovskite interface in p-i-n PSCs. NiO is a p-type oxide, and potentially presents the two criticalities just discussed, yet it is a promising choice in terms of stability [35] . Measuring J-V curves on these cells in the dark, we observed what is referred to as non-capacitive hysteresis, which has been suggested to denote a degradation proceess [34] . The dual aim of this work is, first, to provide new insights into the interface instability and, second, to investigate strategies to overcome it. The engineering of the NiO / perovskites interface has been already successfully employed to obtain a perovskite film of better quality [36] and to improve the hole transfer [37] , together with the suppression of interface recombination [38] , and the enhancement of the device photostability [39] . Therefore, it appears as a promising strategy also to avoid detrimental interaction between NiO and perovskites under the effect of the electrical bias. Here, by exploring different buffer layers to eliminate the non-capacitive hysteresis, we developed a hybrid Mg 2+ based interlayer as a potential solution. This interlayer reduces recombination at the NiO / perovskite interface, resulting in a higher PCE. More interestingly, the maximum power point tracking (MPPT) outputs were stabilised. This stability toward electrical bias is further demonstrated by measuring the MPPT after a severe polarisation in dark conditions at potentials above 1 V, which again yielded a stable power output. Our results directly link the non-capacitive hysteresis to device degradation and show that addressing the interface reactivity is an important route to improve perovskite photovoltaics. The critical observation behind this work is the hysteresis in the dark current observed for NiO / CsFAMA / C60 based devices, attributable to the perovskite-NiO interface since this hysteresis was not found in devices employing the organic polymer poly-[bis(4-phenyl)(2,4,6trimethylphenyl)amine] (PTAA) as the hole selective layer (HSL), which we take as a reference in Figure 1 . From these JV curves, the shunt resistance (RSH) regime (V < 0.5 V) and the series resistance (RS) regime (V > 1 V) are distinguishable from the diode-like current, where the slope in the semilogarithmic plot gives the diode ideality factor (nid). Furthermore, the reverse dark current scan (from 1.2 V to -0.1 V) is always below the forward scan (from -0. that the reverse dark current is higher than the forward one around 0.5 V (highlighted in grey in Figure   1 ). A capacitive mechanism cannot explain this effect and, moreover, this hysteretic behaviour worsened at lower scan rates, when the cell is polarised for a longer time. This behaviour suggests that hysteresis is triggered by forward bias. Thus, the driving force has to be found in the potentialdependent interaction of the HSL with the perovskite film. Garcia-Belmonte and co-workers already reported a similar behaviour for n-i-p and p-i-n PSCs [34, 41, 42] (they coined the "non-capacitive hysteresis" term adopted herein). By focusing on the TiO2 / CH3NH3PbI3 / spiro-OMeTAD configuration, they pointed to the p-type interface as the source of non-capacitive hysteresis, in agreement with our observations. Furthermore, they identified an electrochemical reaction between spiro-OMeTAD and iodide from CH3NH3PbI3 as the cause. In this work, we employed a mixedcation mixed-anion (triple-cation, CsFAMA) [43] perovskite composition. Nonetheless, taking into account the respective Nernst potentials, the electrochemically active ion is the iodide, as in the case of CH3NH3PbI3. The oxidation of bromide requires a higher potential (E 0 Br = 1.07 V vs SHE, E 0 I = 0.53 V vs SHE) and both caesium and formamidinium are supposed to be electrochemically stable in the potential range investigated, relevant for PV operation. However, the mechanism suggested for the spiro-OMeTAD / CH3NH3PbI3 interface, with the formation of a neutral spiro-iodide [44] complex followed by its diffusion away from the interface, cannot apply to our case since iodide is too large to penetrate the NiO lattice. The marked region highlights the distortion around 0.4-0.7 V. In the inset, we report the value of JSCAN-RATE -J5MV/S for the voltage range of interest to subtract the diode current. In this way, the distortion is highlighted and appears as a peak. It is interesting that, in the seminal works of Garcia-Belmonte group, the faradic peak attributed to the oxidation of perovskite at HSL interface was observed in the reverse scan in the dark [30, 34] .
In electrochemical experiments, the oxidation current is generally higher in the anodic scan, which here corresponds to the forward scan. In fact, in our system, we identified a peak between 0.4 V and 0.7 V in the forward scan (Figure 2a ). This peak is highlighted in the inset, where we subtracted the forward scan recorded at 5 mV/s (where the peak is smaller) from the faster scans to eliminate the diode-like current. The resulting differential peak increases in magnitude and shifts toward higher potentials at faster scan rates, as expected from an irreversible electrochemical reaction [45] . Faradic current densities below 10 -2 mA/cm 2 (the upper limit to the current density from the hysteresis loop as observed in the slow scan of figure 1) are compatible with reactions involving one or few atomic layers at the interface. However, we cannot rule out ionic-to-electronic current amplification [46] , i.e.
the modification of electronic current due to ionic processes. To gain more insight into the electrochemistry of the system, we conducted electrochemical cyclic voltammetry employing an iodide-containing electrolyte and ITO/NiO as working electrode, reported in Figures 2b and S2. The oxidation of iodide on a NiO surface is a multi-step, electrochemically irreversible reaction. Two peaks characterise it, which we indicated as A and B in the voltammogram of Figure 2b . These are generally attributed to [47] :
We remark that the fast kinetics of those reactions on the NiO surface is among the limiting factors of p-type dye-sensitised solar cells [48] , and the lack of a cathodic peak in the potential window investigated is in agreement with the Gerischer model of semiconductor electrochemistry [49] . More interestingly, we observed a hysteresis loop in the potential range between 0.4 and 0.6 V vs Ag/AgCl.
The appearance of an electrochemical hysteresis loop is due to a reaction with a complex mechanism (not a simple charge transfer event), and it is typical of electrodeposition [50] and corrosion [51] , i.e. processes with activation energy where the electrode surface is structurally modified. Briefly, the current in the cathodic scan is higher around the reaction onset potential due to electrode activation in the previous anodic scan.
We postulate that a similar argument applies to the NiO / CsFAMA interface. In this case, the increase in the reactivity of NiO / CsFAMA interface with forward bias can be attributed either to electrode activation (kinetic effect) or to iodide migration towards NiO in forward bias (mass effect) [34] . The two effects probably cooperate. In fact, by applying a bias waveform consisting of a sequence of triangular pulses with increasing amplitudes at 5 mV/s (inset Figure 2c) , starting from -0.1 V we had to cycle up to 0.8 V to detect the loop, as shown in Figures 2c and S3 . This potential value is at least 0.5 V higher than the reaction onset (which is below 0.3 V, see Figure S4 ) but is slightly lower than the cell built-in potential [52, 53] . Therefore a substantial iodide accumulation cannot occur (see Note S5 for a detailed explanation).
Further, we show in Figures 2d-f that the electrode activation was not stable and quickly relaxed.
In fact, upon cycling at 50 mV/s in the full potential range (-0.1 -1.2 V, Figure 2e ), the hysteresis loop was observed at every scan and even increased, as if the electrode reactivity of the first forward scan was restored at each cycle. The same trend was followed by cycling in the range 0
When cycling between 0.5 V and 1.2 V the hysteresis vanished ( Figure 2f ), meaning that the relaxation process is too slow at 0.5 V to restore the pristine state. The relaxation was not iodine reduction (which would require a high negative overvoltage on NiO); otherwise, it would not occur above 0.2 V (the iodide oxidation onset). A possible alternative is the diffusion/desorption of iodine away from the NiO surface [54] .
From halide electrochemistry [55, 56] and the electrical and electrochemical investigations discussed, we can propose a mechanism comprising the following steps: interface [57] , or the kinetic barrier reduction could be caused by the proximity of reacted sites
Alternatively, the activation may concern the NiO alone (e.g. by depopulating the electrons in its trap states [48, 56] ), however the universality of non-capacitive hysteresis with respect to hole selective materials strongly suggest that iodide is involved in the activation process. As mentioned, iodide might enhance the interface reactivity by also migrating towards the electrode.
Step D is the diffusion of oxidized iodine back into the perovskite film. Here we refer to " ;<= " to account for the articulate valence chemistry of iodine and polyiodide (or polyhalide) compounds (I2 -, I3and the mixed halide respective). We recall that I• diffusion has been documented and is supposed to occur mainly through site exchange between interstitial iodine ( , A ) and lattice iodide ( B A ) with hole exchange [19, 58] , so involving the lead halide sublattice. Figure S6 ). Moreover, we generally observed poor reproducibility, with significant variations in PV parameters and dark JV features not only across different substrates but also for different pixels on the same substrate. A possible reason for that is the partial solubility of PMMA in DMF and DMSO along with its glass transition temperature (TG) around 100°C, which is also the annealing temperature of the perovskite film. Nonetheless, these findings, and the correlation between PMMA thickness and non-capacitive hysteresis suppression, further prove that the cause for this hysteresis is the interaction between perovskite and the hole selective materials.
Inorganic insulators represent an interesting alternative to polymers in modifying the interaction between perovskite and the selective contacts [60] . We modified a low-temperature process for MgO By introducing an interlayer on NiO, we are modifying the substrate for perovskite growth, which might affect its quality. From scanning electron microscopy (SEM) top view and cross-sectional micrographs ( Figure S9) , the morphology appears to be unaffected by the introduction of an Mgbased interlayer. The two films are both composed of large grains with a diameter above 400 nm. We also conducted a scanning transmission electron microscopy (STEM) analysis on cross-sections of full devices to characterise the compositional distribution within the two perovskite films. Knowing this compositional distribution is essential as non-uniformity on the nano-/micro-scale affects the device optoelectronics, as highlighted in recent works [62, 63] . The top row of Figure 4a shows crosssectional high-angle annular dark field (HAADF) images for the two samples. From these images, we can state that the two films appear similar, both having bright grains interspersed within the perovskite film. Since the contrast of HAADF images is approximately proportional to the square of effective atomic number (ZEff 2 ), we know that these bright grains must have a higher share of heavy elements than the bulk perovskite. We then collected energy dispersive X-ray spectroscopy (EDX) spectrum images (SIs) to investigate the chemical composition of the perovskite layer. EDX SIs were acquired with low beam current and dwell time to minimise beam damage. These SIs were then treated with two multivariate statistical analysis algorithms, namely principal component analysis for denoising and non-negative matrix factorisation (NMF) for decomposition into easily interpretable components [64] . From NMF decomposition, we identified two distinct compositions for the bright grains in addition to the bulk perovskite layer, hereafter referred to as NMF #1 and NMF #2. Most of these grains appear together with the bulk perovskite in one component, NMF #1, which is composed of lead and iodine as shown in this component's spectrum (figure S13 a). Therefore, the most likely identity of these grains is PbI2. The other grains form a separate NMF component, NMF #2, whose spectrum contains lead and bromine peaks (figure S13 b) pointing to PbBr2 as a possible stoichiometry. As reported by Correa-Baena et al., halide non-uniformity is a common feature of multi-cation multi-anion perovskite compositions [62] . For our discussion, the critical result is that the non-capacitive hysteresis appears to be uncorrelated to compositional homogeneity, i.e. the quality, of the bulk perovskite.
We conducted an X-ray photoelectron spectroscopy (XPS) investigation to shed light on the chemical composition of the Mg-based interlayer. The weak Mg 1s core level signal reported in Figure 4b points to a thickness of a few atomic layers, as confirmed by the slight attenuation of the mechanisms of relaxation upon Ni photoionisation, which are due to the active electronic correlation affecting its band structure [65, 66] . We cannot entirely exclude the possibility of surface doping even if the low-temperature treatment and very similar shape of the Ni 2p core level point to the low likelihood of this hypothesis. From O 1s (Figure 4d ) and C 1s (Figure 4e ) core levels, we can infer that a considerable amount of organic ligands remain in the film. The O 1s spectrum for NiO is composed of the peak from the oxygen in the NiO lattice (529.8 eV), a peak for surface OH (531.2 eV), and a tail at higher binding energies which is generally attributed to weakly bonded oxygen [65] .
After introducing the interlayer, the XPS signal markedly increased in the binding energy range typical of C=O, C-O and O=C-O functional groups ( Figure S10 ). The C 1s spectrum of the Mg-coated NiO shows a broad feature at higher binding energies compatible with the mentioned functional groups, while only the adventitious carbon is found on NiO. Overall, the XPS investigation revealed that the organic ligands, i.e. ethoxy and acetate anions from the solution, remained on the surface after thermal annealing at 200°C. 
Conclusions
The non-capacitive hysteresis in dark in NiO-based p-i-n PSCs has been investigated. This is due to the electrical bias induced instability at the NiO / Perovskite interface, linked to the electrochemical reactivity of the perovskite layer. With a moderate forward bias (below the maximum power point) the degradation is already triggered and the hysteresis is detectable, with the migration of electroactive species toward the HSL and an enhancement of the reactivity of the NiO / CsFAMA interface accounting for that. This is detrimental to device stability. Two different interface engineering approaches to address this problem are reported. Employing PMMA, we needed to introduce a thick buffer layer to suppress the non-capacitive hysteresis, bringing into the device a robust unwanted enhancement of the series resistance. This behaviour resulted in a severe loss in PCE, which dropped from 17% to below 4%. Employing a hybrid Mg-organic (MgO(R)) interlayer, we were able to suppress the hysteresis without sacrificing the PCE. We showed that the MgO(R) layer reduces the interface recombination and enabled PCEs of up to 18%. More importantly, the MPP tracking revealed that suppressing the hysteresis also stabilised the power output, even after electrical stress in the dark. Future investigations that could be inspired by this work are:
-Understanding the microscopic mechanism of the redox process between perovskite and selective contacts, including the interplay between interface reactivity and ionic migration, and the identification of the relaxation process.
-Finding new buffer layers working in both p-i-n and n-i-p architecture.
Finally, we recommend analysing the hysteresis in dark conditions at different scan rates to have insights into the interface stability against electrical bias, especially when introducing new hole selective materials, which is a very topical issue in perovskite photovoltaics. The lack of noncapacitive hysteresis might be a compelling figure of merit for the electrical stability in the forward bias of the p-type interface. (while it develops during the experiments), therefore the reduction observed on PTAA must involve the iodine generated in the previous anodic scan. This suggests that after the anodic generation, the radical iodine remains bound to PTAA, available for following reduction. In b) and c) the comparison of the electrochemical stability of the two materials in these conditions. The NiO voltammogram stabilises after few cycles and the two peaks for the iodide oxidation repeatedly occur. The PTAA voltammogram is severely modified, with the entire loss of the iodide oxidation fingerprint, pointing to a severe chemical modification of PTAA during cyclic voltammetry. For comparison the voltammogram obtained on ITO is reported with the dashed line.
S3
The complete experiment with the positive bias waveform with increasing amplitude. The forward scan is in black and the reverse scan is in red. In the two magnification it is possible to see that the loop is first detected when the voltage is scanned up to 0.8V (blue square) and is not observed when cycling up to 0.7V (black square).
Current density
Voltage / V 0 0,2 0,4 0,6 0, 8 1,0 Dark JV recorded at 1mV/s to have an accurate estimation on the onset for the potential dependent interaction of perovskite with NiO, which is found to be between 0.2 and 0.3V. and carrier selective contacts. In these schemes we neglected the band bending relative to the selective contacts to simplify the picture. We stress that these are only graphical representation in line with what is referred as the "wiggle band model"(see ref [1] ), i.e. band diagrams where the conduction and valence band of the perovskite absorber close to the interfaces are bent due to the ionic accumulation which screen the electric field in the bulk of the perovskite. Below the band diagrams we reported the profile of the electrical potential, .
Scheme a) represents the p-i-n junction experiencing the built-in potential (Vbi). This is the state of the cell in the dark at 0V. As mentioned, the potential drops are localized at the two interfaces to the selective contacts. Due to these potential drops, i.e. the internal fields (gradients of the electric potentials), positively charged ions (defects) will accumulate at the HSL interface -in our case, the NiO -, and the opposite at the ESL interface.
In b) we are applying an external bias equivalent to the built in potential. This brings about the split in the quasi-Fermi levels for electrons and holes in the perovskite layer, depicted with the dotted lines (note that depending on the interface recombination and the conductivity of the selective contacts, the splitting of the QFLs could also extend in the selective contacts). The Vbi at the interfaces of the perovskite absorber depend on the differences between Fermi levels of selective contacts and the perovskite; the sum of both Vbis (at the ETL and HTL interfaces) is usually between 0.8V and 1.2V.
When the applied voltage equals the built-in potential, the device experiences the relaxation of ionic distribution. Therefore, at 0.8V a strong accumulation of iodide-based negatively charged defects (e.g. interstitial iodide) toward the NiO interface should not occur, while the hysteresis is already detectable (see figure 2c and S3) and this consideration suggests to disregard the ionic migration / accumulation as the only cause for the enhanced reactivity in the reverse scan.
In c) we show the band diagram when applying a forward bias larger than Vbi. In this case the accumulation of reactive iodide at the NiO interface is possible and, in our system, might enhance the interface reactivity.
We can now focus on the interface electrochemistry. In the band diagrams above we introduced the I2/Iredox couple inside the perovskite. To understand the reactivity at the NiO interface one has to consider the relative position of the I2/Iredox couple with respect to the Fermi level in NiO.
In case a) the iodine reduction to iodide would be the spontaneous reaction. However, a negligible amount of iodine is expected to be in the perovskite and NiO does not enable the reduction (see fig   S2) . Therefore, the system is in equilibrium. With forward bias we move to the situation depicted in b) and c), where the Fermi level in NiO is below the redox potential of the I2/Iredox couple, allowing the iodide oxidation. In principle, this simple model holds for every hole selective contact. However, the non-capacitive hysteresis is the result of both the electrode activation and the relaxation process, and the back diffusion of oxidized iodine also plays a fundamental role in defining the JV loop. It is the kinetic interplay between these phenomena which defines the occurrence or not of the noncapacitive hysteresis, and those might differ markedly for different HSLs.
At last, we want to discuss the iodide-NiO interaction, i.e. the adsorption of iodide into the NiO film, and the effect of the interface electric field on it. This is sketched below the two band diagrams a),
where the electric field hinders the absorption, and c), where the forward bias would drive a stronger interaction. Obviously, all the perovskite components will interact with the NiO, but here we focus on the supposed electroactive iodide. We recall that a strong interaction between NiO and perovskite (CH3NH3PbI3) has been modeled though computational simulation, where the formation of a Ni-I bond with high degree of covalence was observed [2] . Further, a similar equilibrium (except for the dependence on the electric field) has been recently proposed for the TiO2/CH3NH3PbI3 interface [3] .
S6
Reducing the thickness of PMMA (in this case deposited from a 0.8mg/mL toluene solution) the efficiency of the device increase from 4% to 12%. The increase in Jsc and FF directly correlate with a better hole extraction at the NiO / CsFAMA interface. However, the device is less performing than reference one and from dark JV the non-capacitive hysteresis is found together with the occurrence of the typical kink referred as "S-Shape". al. [4] to cast the low temperature MgO on NiO. This might be the reason for the organic ligands we observed through XPS. However, as in the case of MgO, our layer acts as an insulator (see (S8) ). In fact, by depositing the MgO(R) from a 25 or 50 mM Mg(AcO)2 ethanol solution the devices are completely insulated, with Jsc below 0.3 mAcm 2 and the PCE below 0.01% . By decreasing the concentration to 5mM we recovered a good photovoltaic behaviour (PCE > 15%). Then, further optimizing to 3.5mM, the reference device is outperformed and the non-capacitive hysteresis is suppressed, as discussed in the main text. The peak assignation is based on the relative scale of chemical shift reported, among the others, in ref [5] , [6] and [7] . 
Experimental
Throughout the experiments (fabrication and measurement) the devices were never exposed to O2 or water to content in excess to 5ppm (most of time <0.1ppm). This shrewdness is intended to minimise the effect of water and oxygen in our investigation. For measurements performed in air we encapsulated the devices in glove box.
NiOx deposition
Patterned indium tin oxide (ITO) glass substrates (25x25 mm, 15 Ω sq SEM images were recorded using a Hitachi S4100 or ZEISS Auriga 60 at 5 kV acceleration voltage and 10k× and 30k× magnification.
The grazing incident X-ray diffraction for thin film analysis (GIXRD) measurements was conducted with Bruker D8 with energy-dispersive Sol-X detector using Cu K-alpha source. The scan range is from 20 to 70 degree with 0.5 degree incident angle and step size is 0.02 degree. All of samples were measured in ambient condition XPS measurements were conducted employing Mg Kα excitation and using ScientaOmicron Argus CU electron analyzer. After the deposition samples were transferred via glovebox without air exposure. Peak fitting was performed with free software Fityk. We subtracted a Shirley background and then employed pseudo-Voigt function for peak fit.
For Scanning transmission electron microscopy (STEM) characterisation cross-sectional lamellae of the devices were prepared by focused ion beam (FIB, FEI Helios Nanolab) using a standard approach with minimal exposure to air between sample preparation and STEM characterisation.
STEM-HAADF imaging and STEM-EDX spectroscopy were carried out in a FEI Tecnai Osiris operated at 200 kV and equipped with a Bruker Super-X EDX silicon drift detector with a collection solid angle of ~0.9 sr. Elemental maps were acquired with a probe current of ~0.25 nA, spatial sampling of 10 nm/pixel, and dwell time of 50 ms/pixel. Data were acquired with Tecnai Imaging and Analysis (TIA) and analysed with HyperSpy. [10] 
